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Abstract. 
 
Numb is a protein that in 
 
Drosophila
 
 deter-
mines cell fate as a result of its asymmetric partitioning
at mitosis. The function of Numb has been linked to its
ability to bind and to biologically antagonize Notch, a
membrane receptor that also speciﬁes cell fate. The bio-
chemical mechanisms underlying the action of Numb,
however, are still largely unknown. The wide pattern of
expression of Numb suggests a general function in cel-
lular homeostasis that could be additional to, or part of,
its action in fate determination. Such a function could
be endocytosis, as suggested by the interaction of Numb
with Eps15, a component of the endocytic machinery.
Here, we demonstrate that Numb is an endocytic pro-
tein. We found that Numb localizes to endocytic or-
ganelles and is cotrafﬁcked with internalizing receptors.
Moreover, it associates with the appendage domain of
 
a
 
 adaptin, a subunit of AP2, a major component of
clathrin-coated pits. Finally, fragments of Numb act as
dominant negatives on both constitutive and ligand-
regulated receptor-mediated internalization, suggesting
a general role for Numb in the endocytic process.
Key words: Numb • endocytosis • EH domain •
EGFR • Eps15
 
Introduction
 
Drosophila
 
 Numb (dNumb)
 
1
 
 was originally discovered as
a mutation that removed most of the sensory neurons in
the developing peripheral nervous system (Uemura et al.,
1989; Rhyu et al., 1994). It is now established that dNumb
determines cell fate during nervous and muscle system de-
velopment, as well as during Malpighian tubule develop-
ment (Rhyu et al., 1994; Spana et al., 1995; Ruiz Gomez
and Bate, 1997; Carmena et al., 1998; Wan et al., 2000).
Asymmetric segregation of dNumb at mitosis results in its
unbalanced partitioning and alternative developmental
fates of daughter cells (Rhyu et al., 1994; Knoblich et al.,
1995; Spana et al., 1995). Alteration of this asymmetry, by
either overexpression or deletion of dNumb, leads to sib-
ling cells adopting the same identity. Similar results were
recently obtained with the avian homologue of Numb
(Wakamatsu et al., 1999). There is evidence that mamma-
lian Numb (mNumb) may exert similar functions: (a) ec-
topically expressed mNumb is asymmetrically partitioned
in dividing 
 
Drosophila
 
 progenitor cells and rescues the
dNumb mutant phenotypes (Verdi et al., 1996; Zhong et
al., 1996); (b) mNumb is expressed in the ventricular zone
of the developing mouse brain, where dividing neuroblasts
are located (Verdi et al., 1996; Zhong et al., 1996, 1997);
and (c) mice bearing loss-of-function mutant alleles of
mNumb exhibit severe defects in cortical neurogenesis
and die around embryonic day 11.5 (Zhong et al., 2000).
Numb physically interacts with the receptor Notch and
biologically antagonizes its signaling (Frise et al., 1996;
Guo et al., 1996; Zhong et al., 1996; Berezovska et al.,
1999; Sestan et al., 1999). Notch is an evolutionarily con-
served transmembrane receptor that specifies cell fate in a
wide variety of tissues and organisms through local cell in-
teractions (Artavanis-Tsakonas et al., 1995, 1999; Green-
wald, 1998). Due to the asymmetric partitioning at mitosis,
cells that receive Numb are rendered unresponsive to
Notch signaling. Conversely, Numb-negative cells retain
responsiveness to Notch and adopt the fate associated
with Notch activation.
The biochemical mechanisms underlying the action of
Numb are still largely obscure. An approach towards this
issue is derived from the observation that Numb can inter-
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act in vivo and in vitro with Eps15, a component of the en-
docytic machinery (Salcini et al., 1997). Eps15 has a modu-
lar structure comprising three copies of a protein–protein
interaction domain, the Eps15 homology (EH) domain
(Wong et al., 1995), a central coiled coil domain, and a
COOH-terminal region that binds to the clathrin adaptor
complex AP2 (Benmerah et al., 1995, 1996; Iannolo et al.,
1997). An Asn-Pro-Phe (NPF) motif acts as the ligand for
the EH domain (Salcini et al., 1997). EH-containing and
EH-binding proteins establish a complex network of inter-
actions within the cell that regulates internalization and/or
trafficking processes (Santolini et al., 1999). Numb is an
EH-interacting protein that binds to Eps15, and to the re-
lated protein Eps15R, through a NPF motif contained in
its COOH-terminal region. This observation led to the ex-
perimental hypothesis tested in this study that Numb
might itself be an endocytic protein.
 
Materials and Methods
 
Plasmids
 
Hemagglutinin (HA)-tagged full-length Numb, Numbl, and Numb dele-
tion mutants (Numb/347–588 and Numb/347–564) were subcloned into
pCDNA3 and pCDNA1, respectively (Invitrogen). The HA–Numb/Asp-
Leu-Ala (DLA) mutant was generated by changing the sequence encod-
ing for the Asp-Pro-Phe (DPF) motif at amino acids (aa) 566–568 to a
sequence encoding for DLA by PCR-based oligonucleotide-directed mu-
tagenesis. Glutathione 
 
S
 
-transferase (GST) fusion proteins, containing
Numb deletion mutants, were obtained by recombinant PCR of the ap-
propriate fragment from the full-length Numb clone followed by cloning
in the pGEX expression vector, in frame with the GST moiety. Sequences
of the primers used are available upon request.
 
Protein Studies
 
Transfections were carried out by standard calcium phosphate protocols.
Polyclonal anti-Numb antibodies were elicited against GST-Numb fusion
proteins or against a peptide (encompassing aa 298–603 and 537–551 of
human Numb, respectively), and affinity purified onto the same antigen
used for the immunization. Other antibodies used were the anti-HA mAb
12CA5, the mAb anti–
 
g
 
 adaptin (A4200; Sigma-Aldrich), mAbs anti–
 
a
 
adaptin (A4325 for Western blotting from Sigma-Aldrich; A43920 for im-
munoprecipitation, AP6 for immunofluorescence and electron micros-
copy from Transduction Laboratories), anti-transferrin receptor (TfR)
(K-20; Santa Cruz Biotechnology, Inc.), anti-EGFR (AB-5; Calbiochem),
or anti-Eps15 (Fazioli et al., 1993). Immunoprecipitation and immuno-
blotting were performed as described previously (Fazioli et al., 1993). Pu-
rification of the GST fusion proteins onto agarose–glutathione and in
vitro binding experiments were performed as described previously (Fazi-
oli et al., 1993; Salcini et al., 1997).
For the competition experiment (see Fig. 4 D), agarose-immobilized
GST–
 
a
 
 ear (2 
 
m
 
g) was incubated with 15,000 cpm of in vitro–translated
Eps15 COOH-terminal region (aa 581–874) in the presence of either the
purified COOH-terminal domains of Numb (aa 298–603) or Eps15 (aa
581–874), or purified BSA (Boehringer), at the indicated molar concen-
trations with respect to the 
 
a
 
 ear. The purified COOH-terminal domains
of Numb and Eps15, used as competitors, were produced as GST fusion
proteins, cleaved from the GST moiety by thrombin digestion, and puri-
fied by fast performance liquid chromatography according to standard
protocols. After 2 h incubation at 4
 
8
 
C, samples were washed and analyzed
by SDS-PAGE, followed by autoradiography. The radioactive bands were
excised and counted in a 
 
b
 
 counter.
 
Immunofluorescence, Electron Microscopy,
and Endocytosis Assays
 
Indirect immunofluorescence and endocytosis assays were performed as
described previously (Carbone et al., 1997).
For immunoelectron microscopy, 10% gelatin–embedded, 2.3 M su-
crose–infused blocks of aldehyde-fixed A172 cells were frozen in liquid ni-
 
trogen. Ultrathin cryosections were obtained with a Reichert-Jung Ul-
tracut E with FC4E cryoattachment and collected on copper-formvar-
carbon–coated grids. Single and double immunogold localization on ul-
trathin cryosections were performed as described previously (Schiaffino et
al., 1999). In particular, for double labeling, sections immunostained with
the anti-Numb antibody, followed by 10 nm protein A–gold, were incu-
bated with 1% glutaraldehyde in 0.1 M sodium phosphate buffer, to
quench free protein A. Sections were then incubated alternatively with an-
tibodies against AP2 (AP6, mouse), AP1 (A4200 Sigma-Aldrich), EGFR
(AB-5, mouse), or TfR (K20, goat). After washing, an appropriate rabbit
anti-mouse or rabbit anti–goat bridging antibody was used (Dako), fol-
lowed by 15 nm protein A–gold. Control sections were incubated with an
unrelated antibody or without first antibodies. To determine quenching ef-
ficiency, sections incubated with anti-Numb antibodies were quenched
with 1% glutaraldehyde in 0.1 M sodium phosphate buffer, and challenged
with protein A. In all control sections, no labeling was detected (data not
shown). Sections were examined with a ZEISS EM 902 electron micro-
scope.
 
Results and Discussion
 
Numb Localizes to Endocytic Organelles
 
Numb identifies a family of proteins, to which Numbl (also
designated Numb-R and numblike) also belongs. Numbl
shares colinear topology and extensive sequence identity
with Numb (Salcini et al., 1997; Zhong et al., 1997). Poly-
clonal sera directed against aa 298–603 of human Numb
(hereafter Numb) cross-reacted with Numbl (Fig. 1 A).
However, an antipeptide serum directed against aa 537–
551 of Numb, which are not present in Numbl, specifically
reacted with Numb and showed no cross-reaction with
Numbl. Therefore, this serum was used in all subsequent
experiments. In a panel of cell lines, Numb expression was
ubiquitously detected, as shown by RNase protection as-
says (data not shown) and confirmed by Western blot
analysis (Fig. 1 B). Both the endogenous and overex-
pressed Numb migrated as a tightly spaced doublet of 
 
z
 
70
kD (Fig. 1, A and B). Phosphatase treatment of anti-
Numb immunoprecipitates yielded a single band, comi-
grating with the lower band of the doublet (data not
shown), suggesting that the upper band is the result of
phosphorylation events.
In many cell lines of nonneuronal origin, we did not ob-
serve asymmetric distribution of Numb at mitosis (data
not shown). However, in all cell lines in logarithmic
 
Table I. Colocalization of Numb with Various Endocytic 
Proteins on Individual Organelles
 
AB A B A  
 
1 
 
B
Coated pits
 
Eps15 EGFR 10 7 3
Eps15 TfR 1 14 5
Eps15 Numb 16 24 0
Numb EGFR 6 12 2
Numb TfR 3 12 5
Numb AP2 5 4 11
 
Coated vesicles
 
AP2 Numb 4 4 12
 
Endosomes
 
Eps15 Numb 8 5 11
 
Double labelings were performed with the indicated antibodies (A and B). In each set
of double labelings, organelles that were positive for either one of the proteins (A or B)
or for both (A 
 
1 
 
B) were scored. 
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growth, Numb signal, as detected by indirect immunofluo-
rescence, appeared punctate and partially concentrated in
the perinuclear region, in what appeared to be the Golgi
region (Fig. 1 C). Some signal was also evident at the cell
periphery (Fig. 1 C). Double immunostainings revealed
remarkable colocalization of Numb with 
 
a
 
 adaptin (data
not shown). Colocalization with 
 
g
 
 adaptin in the perinu-
clear area was also detected (not show).
To examine in detail the intracellular distribution of
Numb, we performed immunogold labeling on ultrathin
cryosections and found Numb associated to endosomes,
clathrin-coated pits, and vesicles (Fig. 1 D and Table I).
Immunoreactivity for Numb was also evidenced in loca-
tions compatible with the Golgi area and the TGN (Fig. 1
D). Double labelings with anti-Numb and anti–
 
g
 
 adaptin
(Fig. 1 D) also supported the idea of presence of Numb in
the TGN. A morphometric analysis revealed good colocal-
ization of Numb with both EGF and Tf receptors in coated
pits and with AP2 in coated pits and vesicles (Table I).
Surprisingly, when double labeling for Numb and Eps15
was performed, we could not detect the presence of the
two proteins in the same coated pit, despite their individ-
ual presence in different pits (Table I). In endosomes,
however, Numb and Eps15 were found together on the
same organelle (Fig. 1 E and Table I).
 
Numb Is Redistributed upon Growth Factor 
Stimulation and Cotrafficks with
Internalizing Receptors
 
We investigated changes in the subcellular distribution of
Numb. In particular, to follow Numb during the endocytic
process, serum-starved cells (Starved) were treated with
EGF at 4
 
8
 
C for 60 min (T0), followed by shifts at 37
 
8
 
C for
2 min (T2) and 10 min (T10). Cells were also treated with 5
nm of BSA-gold as tracer of the endocytic pathway. Two
sets of double labeling were performed: (a) anti-Numb/
anti-AP2 (detected with 10 and 15 nm of protein A–gold,
respectively (Fig. 2, A–C, and Table II), and (b) anti-
Numb/anti-EGFR (detected with 10 and 15 nm of protein
A–gold, respectively (Fig. 2, D–F, and Table II).
In ST and T0, Numb localized mainly to the TGN area;
only a few particles were found associated with coated
pits, coated vesicles, and endosomes (Table II). At T2, a
Figure 1. Numb localizes to
endocytic organelles. (A)
HeLa cells transfected with
HA-Numb (Numb), HA-
Numbl (Numbl), or mock
transfected (mock) were ana-
lyzed by immunoblotting
with the antibodies indicated
underneath. (B) Cellular ly-
sates from the indicated cell
lines, as well as from the
mock- and HA-Numb–trans-
fected HeLa were analyzed
with the anti-Numb anti-
body (aa 537–551) or with
the same antibody preab-
sorbed with the cognate pep-
tide. (C) CV1 cells were
stained with the anti-Numb
antibody (aa 537–551) or
with same antibody preab-
sorbed with the cognate pep-
tide, as indicated. Similar re-
sults were observed in HeLa,
COS-1, A172, M413, U2OS,
and VA13 cells (data not
shown). (D) Immunoelec-
tron microscopy performed
on exponentially growing
A172 cells. In all panels, ex-
cept the TGN (Numb/AP1)
panel, staining was with the
anti-Numb antibody (aa 537–
551, 15 nm gold). BSA was
used as a tracer of endocyto-
sis by incubating the cells for
1 h with BSA-gold/5 nm be-
fore fixation. Representative examples are shown of the TGN, coated pits (CP), coated vesicles (CV), and endosomes (end). In the
TGN (Numb/AP1) panel, a double labeling for Numb and g adaptin was performed (Numb, 15 nm gold, arrows; g adaptin, 10 nm gold,
arrowheads). (E) Immunoelectron microscopy performed on A172 cells with the anti-Numb (aa 537–551, 10 nm gold, arrows) and anti-
Eps15 antibodies (15 nm gold, arrowheads). Two representative endosomes are shown. Bars: (E and D, TGN) 0.18 mm; (D, TGN
Numb/AP1) 0.16 mm; (D, CP) 0.22 mm; (D, CV) 0.25 mm; (D, end) 0.20 mm. 
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bulk of internalizing Numb-positive coated pits and vesi-
cles was induced, whereas Numb labeling was strongly re-
duced in the TGN area. At T10, a decrease in Numb-posi-
tive coated pits and vesicles was accompanied by an
increase in endosome staining (Table II). These results in-
dicate that upon internalization of the EGFR, Numb is
translocated from the TGN to endocytic compartments. In
these compartments, Numb appears to be cotrafficked
 
with the internalizing receptors, first to vesicle intermedi-
ates and then to endosomes. As shown, Numb colocalizes
with AP2 (Fig. 2, A–C) and EGFR (Fig. 2, D–F) at all sta-
tions of the endocytic route. Numb also appeared to be
cotrafficked with the TfR, in that double staining with
anti-Numb and anti-TfR revealed colocalization of the
two proteins in all endocytic compartments (Fig. 2, G–I).
 
Numb Binds Specifically and Directly to the Appendage 
of 
 
a
 
 Adaptin
 
Numb could be recruited to endocytic organelles through
interaction with Eps15. However, the lack of colocaliza-
tion of Numb and Eps15 in the same coated pit posed the
question as to whether Numb interacts with other compo-
nent(s) of the endocytic machinery.
A GST fusion protein containing aa 63–603 of Numb
could efficiently bind to 
 
a
 
 adaptin from cellular lysates,
but not to the 
 
g
 
 subunit of the AP1 complex (Fig. 3 A).
The binding was mediated through the appendage of 
 
a
 
adaptin (
 
a
 
 ear) (Fig. 3 B), and was direct, since a GST–
 
a
 
ear was able to bind to the COOH-terminal domain of
Numb, recombinantly produced and purified (Fig. 3 C).
Finally, endogenous Numb and 
 
a
 
 adaptin could be readily
coimmunoprecipitated from cell lysates (Fig. 3 D).
To map the region of Numb responsible for interaction
with 
 
a
 
 adaptin, we tested fragments of Numb engineered
as GST fusion proteins (Fig. 4 A). A region between posi-
tion 564 and 588 contained the determinants necessary for
Figure 2. Numb cotrafficks
with internalizing receptors.
A172 cells were serum
starved for 16–20 h followed
by incubation with 100 ng/ml
EGF and BSA-gold/5 nm for
1 h on ice, and temperature-
shifted at 378C for 2 min (A
and B, D and E, G and H) or
10 min (C, F, and I). (A–C)
Colocalization of Numb (10
nm gold) with AP2 (15 nm
gold). (D–F) Colocalization
of Numb (10 nm gold) with
EGFR (15 nm gold). (G–I)
Colocalization of Numb (10
nm gold) with TfR (15 nm
gold). Representative exam-
ples are shown: A, D and G,
coated pits; B, E, and H,
coated vesicles; C, F, and I,
endosomes. Bar: (A and B)
0.10 mm; (C) 0.17 mm; (D, E,
and G) 0.13 mm; (F and H)
0.15 mm; (I) 0.22 mm.
 
Table II. Association of Numb with Endocytic Organelles
 
TGNs CPs CVs Endosomes
 
Growing 39.1 (29) 12.5 (54) 24.3 (102) 24.1 (35)
Starved 92.4 (42) 1.8 (29) 0.6 (36) 5.2 (27)
T0 93.4 (26) 2.2 (37) 0.5 (16) 3.9 (29)
T2 41.6 (32) 15.5 (63) 26.5 (105) 16.4 (32)
T10 18.5 (19) 6.6 (30) 8.5 (58) 66.4 (37)
 
A172 cells in logarithmic growth (Growing) were analyzed. Alternatively, A172 cells
were serum starved (Starved) and then treated with EGF at 4
 
8
 
C for 60 min (T0),
followed by shift at 37
 
8
 
C for 2 min (T2) or 10 min (T10). Immunoelectron microscopy
was performed by staining with anti-Numb (537–551), followed by 10 nm gold protein
A. For each of these experimental conditions, the total number of Numb-associated
gold particles was counted, as well as the number of gold particles associated with
TGNs, coated pits (CPs), coated vesicles (CVs), and endosomes. Values in the table
represent the number of gold particles associated to each organelle, expressed as a
percentage of the total number of gold particles for each condition of treatment. 10 cell
profiles were analyzed for each condition, which resulted in at least 100 gold particles
counted for each condition. The number of CPs, CVs, and endosomes counted in each
cell profile is given in parentheses to serve as a reference. A fixed area corresponding
to the small fluorescent screen of the microscope at 12,000
 
3
 
 was used to divide TGNs
in portions; the number in parentheses indicates the total number of such areas scored. 
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the interaction (Fig. 4, A and B). This region contained a
DPF motif (aa positions 566–568), which has been recently
shown to constitute a ligand for the 
 
a
 
 ear and is present in
several proteins known to bind to the appendage domain
of 
 
a
 
 adaptin (Owen et al., 1999). We engineered an HA-
tagged mutant of Numb, in which the sequence encoding
for DPF was mutagenized to one encoding DLA. This mu-
tant could not coimmunoprecipitate 
 
a
 
 adaptin (Fig. 4 C),
indicating that the DPF motif in position 566–568 of Numb
is responsible for its interaction with 
 
a
 
 adaptin. Of inter-
est, the DPF motif identified is conserved in evolution, be-
ing also present in dNumb (aa 503–505).
The existence of a single binding site on 
 
a
 
 ear, as deter-
mined by the resolution of its structure (Owen et al.,
1999), predicts competition between Numb and other 
 
a
 
ear–associated proteins. We tested this prediction experi-
mentally, by competing the binding of Eps15 to 
 
a
 
 ear with
increasing concentrations of Numb (Fig. 4 D). The
COOH-terminal region of Numb was indeed able to com-
pete the interaction between the COOH-terminal domain
of Eps15 (which contains all the determinants necessary
and sufficient for binding to 
 
a
 
 adaptin) and a GST–
 
a
 
 ear
fusion protein. However, it did so with lower efficiency
than the COOH-terminal portion of Eps15 itself, suggest-
ing that, in vivo, Eps15 binds to AP2 with higher affinity
than with Numb (Fig. 4 D).
 
Fragments of Numb Act as Dominant Negatives
on Endocytosis
 
To test whether perturbation of Numb function might in-
terfere with the endocytic process, we overexpressed, in
CV1 cells, COOH-terminal fragments of Numb, Numb/
347–588, and Numb/347–564 and monitored the uptake of
fluorochrome-conjugated EGF and Tf. Both COOH-ter-
minal fragments inhibited internalization of EGF and Tf
(Fig. 5). Control GFP did not affect internalization (Fig.
5). Of note, the Numb/347–564 mutant did not retain bind-
ing sites for either AP2 (DPF) or Eps15 (NPF), thus ex-
Figure 3. Interaction between Numb and a adaptin. (A) GST-
Numb/63–603 (GST-Numb) or control GST was incubated
with COS-1 cell lysates followed by immunoblotting with the
indicated antibodies. In this and all subsequent panels, the
lanes referred to as lysate were loaded with 100 mg of the cel-
lular lysates to serve as a reference. (B) A GST fusion protein
containing aa 715–977 of the mouse a adaptin (GST–a ear) or
GST alone was incubated with a cellular lysate from A172
cells and immunoblotted with the anti-Numb antibody (aa
537–551). (C) GST–a ear was incubated with a fragment of
Numb (aa 298–603), expressed in bacteria as a GST fusion
protein, thrombin cleaved, and purified. An aliquot of the pu-
rified Numb fragment (purified Numb) was also loaded to
serve as a reference. (D) A172 cellular lysates were immuno-
precipitated with either the anti-Numb antibody (aa 298–603)
or with the corresponding preimmune serum and immunoblot-
ted with anti–a adaptin (left). A172 cell lysate were also im-
munoprecipitated with an anti–a adaptin mAb or with mouse
IgG as a control, followed by detection with anti-Numb anti-
body (aa 537–551) (right). Figure 4. Mapping of the Numb–AP2 interaction. (A) Sche-
matic of the GST fusion proteins employed. The PTB domain
is shown in black. The positions of the DPF and NPF motifs
are also indicated with vertical bars and aa positions. The aa
sequence of positions 564–588 is also shown. (B) The fusion
proteins, depicted in A, were incubated with cellular lysates
from COS-1 cells, followed by immunoblotting with an anti–a
adaptin antibody. (C) The DPF motif in position 566–568 of
Numb was mutagenized to DLA, and the HA-tagged versions
of the wild-type and mutated Numb cDNAs were transfected
in HeLa cells and immunoprecipitated with the anti-HA anti-
body, followed by immunoblotting with anti–a adaptin (top)
or with anti-HA (bottom). (D) Competition between Numb
and Eps15 for binding to a ear (s, no competition; j, compe-
tition with Numb (aa 298-603); d, competition with Eps15 (aa
581-874); m, control competition with BSA. For details see
Materials and Methods. 
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cluding that in vivo titration of these two known endocytic
components was responsible for the effect. These data
functionally establish Numb as a component of the en-
docytic machinery. They further identify an unexpected
region of Numb (aa 347–564), which does not bind to ei-
ther AP2 or Eps15 as an important determinant for Numb
function in endocytosis.
 
Does Numb Act at Multiple Steps in Endocytosis?
 
A role for Numb at various steps of endocytosis is sug-
gested by its multiple, and topographically distinct interac-
tions with the endocytic machinery. Numb binds to 
 
a
 
adaptin and Eps15, albeit not simultaneously, at least in
coated pits, where Numb and Eps15 do not colocalize.
Eps15 binds to 
 
a
 
 adaptin with higher affinity than Numb,
suggesting that in pits, Eps15 must be first disengaged
from AP2 for Numb to bind, consistent with findings that
the Eps15–AP2 is progressively disrupted upon coat as-
sembly (Cupers et al., 1998). Thus, Numb and Eps15 might
participate to the assembly of pits in a temporal hierarchy.
Conversely, a Numb–Eps15 complex might function at the
endosome level. We note that, after its release from
coated pits, Eps15 is retargeted to endosomes (Torrisi et
al., 1999), playing a yet uncharacterized role that requires,
however, its EH domains (Torrisi et al., 1999). Thus, EH-
mediated interactions of Eps15 with target molecules are
important in endosomes, where Eps15 and Numb colocal-
ize, raising the possibility that Numb might be an effector
of Eps15 in this location. Finally, a fragment of Numb,
which cannot bind to either AP2 or Eps15, acts as a domi-
nant negative on endocytosis, suggesting interactions with
other endocytic proteins.
 
The participation of Numb to endocytosis asks whether
the role of Numb in development is linked to this process.
Although there is evidence (Seugnet et al., 1997; Parks et
al., 2000) that Notch signaling might require its endocyto-
sis, it is conceivable that upon prolonged stimulation, and
by analogy to most signaling receptors, endocytosis of
Notch would counteract its signaling. Thus, in principle,
the antagonistic effect of Numb on Notch could be ex-
plained, at least in part, by Numb-dependent Notch inter-
nalization with ensuing attenuation of Notch signaling.
Although this speculative scenario awaits experimental
testing, our results, when viewed in the context of Numb
action on development, raise the possibility that cell fate
determination could be due, at least in part, to asymmetric
partitioning of endocytic machinery at mitosis.
 
We thank S. Confalonieri for helpful discussions.
This work was supported by grants from Associazione Italiana Ricerca
sul Cancro, Telethon Italy (grant D.90), Istituto Superiore della Sanita
(AIDS 1998), and Consiglio Nazionale delle Richerche (target project
Biotechnology) to P.P. Di Fiore; and Telethon-Italy (grant E0942), Con-
siglio Nazionale delle Richerche (target project Biotechnology), and
MURST to C. Tacchetti.
Submitted: 7 August 2000
Revised: 11 October 2000
Accepted: 16 October 2000
 
References
 
Artavanis-Tsakonas, S., K. Matsuno, and M.E. Fortini. 1995. Notch signaling.
 
Science
 
. 268:225–232.
Artavanis-Tsakonas, S., M.D. Rand, and R.J. Lake. 1999. Notch signaling: cell
fate control and signal integration in development. 
 
Science
 
. 284:770–776.
Benmerah, A., J. Gagnon, B. Begue, B. Megarbane, A. Dautry-Varsat, and N.
Cerf-Bensussan. 1995. The tyrosine kinase substrate eps15 is constitutively as-
Figure 5. Numb inhibits clathrin-mediated internalization. CV1 cells were transfected with pCDNA3 expression vectors encoding either
HA-Numb/347–588 (A and D) or HA-Numb/347–564 (B and E), or GFP as a control (C and F). The cells were then incubated with either
rhodamine-conjugated EGF (A–C) or rhodamine-conjugated Tf (D–F). Transfected cells were detected with either an anti-Numb anti-
body (A, B, D, and E) or by direct GFP fluorescence (C and F), and are marked with asterisks. Internalized EGF or Tf is visible in red.
More than 50% of the cells transfected with Numb deletion mutants presented a complete block in EGF and Tf uptake in three indepen-
dent experiments. Transfection of full-length Numb did not alter the initial rate of endocytosis of both EGFR and TfR (data not shown). 
Santolini et al. 
 
Numb in Endocytosis
 
1351
 
sociated with the plasma membrane adaptor AP-2. J. 
 
Cell Biol
 
. 131:1831–1838.
Benmerah, A., B. Begue, A. Dautry-Varsat, and N. Cerf-Bensussan. 1996. The
ear of alpha-adaptin interacts with the COOH-terminal domain of the Eps 15
protein. 
 
J. Biol. Chem
 
. 271:12111–12116.
Berezovska, O., P. McLean, R. Knowles, M. Frosh, F.M. Lu, S.E. Lux, and B.T.
Hyman. 1999. Notch1 inhibits neurite outgrowth in postmitotic primary neu-
rons. 
 
Neuroscience
 
. 93:433–439.
Carbone, R., S. Fre, G. Iannolo, F. Belleudi, P. Mancini, P.G. Pelicci, M.R. Tor-
risi, and P.P. Di Fiore. 1997. eps15 and eps15R are essential components of
the endocytic pathway. 
 
Cancer Res
 
. 57:5498–5504.
Carmena, A., B. Murugasu-Oei, D. Menon, F. Jimenez, and W. Chia. 1998. In-
scuteable and numb mediate asymmetric muscle progenitor cell divisions
during 
 
Drosophila
 
 myogenesis. 
 
Genes Dev
 
. 12:304–315.
Cupers, P., A.P. Jadhav, and T. Kirchhausen. 1998. Assembly of clathrin coats
disrupts the association between Eps15 and AP-2 adaptors. 
 
J. Biol. Chem
 
.
273:1847–1850.
Fazioli, F., L. Minichiello, B. Matoskova, W.T. Wong, and P.P. Di Fiore. 1993.
eps15, a novel tyrosine kinase substrate, exhibits transforming activity. 
 
Mol.
Cell. Biol
 
. 13:5814–5828.
Frise, E., J.A. Knoblich, S. Younger-Shepherd, L.Y. Jan, and Y.N. Jan. 1996.
The 
 
Drosophila
 
 Numb protein inhibits signaling of the Notch receptor dur-
ing cell-cell interaction in sensory organ lineage. 
 
Proc. Natl. Acad. Sci. USA
 
.
93:11925–11932.
Greenwald, I. 1998. LIN-12/Notch signaling: lessons from worms and flies.
 
Genes Dev
 
. 12:1751–1762.
Guo, M., L.Y. Jan, and Y.N. Jan. 1996. Control of daughter cell fates during
asymmetric division: interaction of Numb and Notch. 
 
Neuron
 
. 17:27–41.
Iannolo, G., A.E. Salcini, I. Gaidarov, O.B. Goodman, Jr., J. Baulida, G. Car-
penter, P.G. Pelicci, P.P. Di Fiore, and J.H. Keen. 1997. Mapping of the mo-
lecular determinants involved in the interaction between eps15 and AP-2.
 
Cancer Res
 
. 57:240–245.
Knoblich, J.A., L.Y. Jan, and Y.N. Jan. 1995. Asymmetric segregation of Numb
and Prospero during cell division. 
 
Nature
 
. 377:624–627.
Owen, D.J., Y. Vallis, M.E. Noble, J.B. Hunter, T.R. Dafforn, P.R. Evans, and
H.T. McMahon. 1999. A structural explanation for the binding of multiple
ligands by the alpha-adaptin appendage domain. 
 
Cell
 
. 97:805–815.
Parks, A.L., K.M. Klueg, J.R. Stout, and M.A. Muskavitch. 2000. Ligand en-
docytosis drives receptor dissociation and activation in the Notch pathway.
 
Development
 
. 127:1373–1385.
Rhyu, M.S., L.Y. Jan, and Y.N. Jan. 1994. Asymmetric distribution of numb
protein during division of the sensory organ precursor cell confers distinct
fates to daughter cells. Cell. 76:477–491.
Ruiz Gomez, M., and M. Bate. 1997. Segregation of myogenic lineages in
Drosophila requires numb. Development. 124:4857–4866.
Salcini, A.E., S. Confalonieri, M. Doria, E. Santolini, E. Tassi, O. Minenkova,
G. Cesareni, P.G. Pelicci, and P.P. Di Fiore. 1997. Binding specificity and in
vivo targets of the EH domain, a novel protein–protein interaction module.
Genes Dev. 11:2239–2249.
Santolini, E., A.E. Salcini, B.K. Kay, M. Yamabhai, and P.P. Di Fiore. 1999.
The EH network. Exp. Cell Res. 253:186–209.
Schiaffino, M.V., M. d’Addio, A. Alloni, C. Baschirotto, C. Valetti, K. Cortese,
C. Puri, M.T. Bassi, C. Colla, M. De Luca, C. Tacchetti, and A. Ballabio.
1999. Ocular albinism: evidence for a defect in an intracellular signal trans-
duction system. Nat. Genet. 23:108–112.
Sestan, N., S. Artavanis-Tsakonas, and P. Rakic. 1999. Contact-dependent inhi-
bition of cortical neurite growth mediated by notch signaling. Science. 286:
741–746.
Seugnet, L., P. Simpson, and M. Haenlin. 1997. Requirement for dynamin dur-
ing Notch signaling in Drosophila neurogenesis. Dev. Biol. 192:585–598.
Spana, E.P., C. Kopczynski, C.S. Goodman, and C.Q. Doe. 1995. Asymmetric
localization of numb autonomously determines sibling neuron identity in the
Drosophila CNS. Development. 121:3489–3494.
Torrisi, M.R., L.V. Lotti, F. Belleudi, R. Gradini, A.E. Salcini, S. Confalonieri,
P.G. Pelicci, and P.P. Di Fiore. 1999. Eps15 is recruited to the plasma mem-
brane upon epidermal growth factor receptor activation and localizes to
components of the endocytic pathway during receptor internalization. Mol.
Biol. Cell. 10:417–434.
Uemura, T., S. Shepherd, L. Ackerman, L.Y. Jan, and Y.N. Jan. 1989. numb, a
gene required in determination of cell fate during sensory organ formation
in Drosophila embryos. Cell. 58:349–360.
Verdi, J.M., R. Schmandt, A. Bashirullah, S. Jacob, R. Salvino, C.G. Craig,
A.E. Program, H.D. Lipshitz, and C.J. McGlade. 1996. Mammalian NUMB
is an evolutionarily conserved signaling adapter protein that specifies cell
fate. Curr. Biol. 6:1134–1145.
Wakamatsu, Y., T.M. Maynard, S.U. Jones, and J.A. Weston. 1999. NUMB lo-
calizes in the basal cortex of mitotic avian neuroepithelial cells and modu-
lates neuronal differentiation by binding to NOTCH-1. Neuron. 23:71–81.
Wan, S., A.M. Cato, and H. Skaer. 2000. Multiple signalling pathways establish cell
fate and cell number in Drosophila malpighian tubules. Dev. Biol. 217:153–165.
Wong, W.T., C. Schumacher, A.E. Salcini, A. Romano, P. Castagnino, P.G.
Pelicci, and P. Di Fiore. 1995. A protein-binding domain, EH, identified in
the receptor tyrosine kinase substrate Eps15 and conserved in evolution.
Proc. Natl. Acad. Sci. USA. 92:9530–9534.
Zhong, W., J.N. Feder, M.M. Jiang, L.Y. Jan, and Y.N. Jan. 1996. Asymmetric
localization of a mammalian numb homolog during mouse cortical neuro-
genesis. Neuron. 17:43–53.
Zhong, W., M.M. Jiang, G. Weinmaster, L.Y. Jan, and Y.N. Jan. 1997. Differen-
tial expression of mammalian Numb, Numblike and Notch1 suggests distinct
roles during mouse cortical neurogenesis. Development. 124:1887–1897.
Zhong, W., M.M. Jiang, M.D. Schonemann, J.J. Meneses, R.A. Pedersen, L.Y.
Jan, and Y.N. Jan. 2000. Mouse numb is an essential gene involved in corti-
cal neurogenesis. Proc. Natl. Acad. Sci. USA. 97:6844–6849.